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Abstract The consensus sequence for single-base deletions in 
non-reiterated runs during in vitro DNA-dependent DNA 
polymerisation is refined using data available in the literature. 
This leads to the observation that chain termination codons are 
hotspots for single-base deletions. The evolutionary implications 
are discussed in two models which differ in whether polymerases 
evolved while the genetic code emerged or after the genetic code 
was fixed. A possible answer to the question 'Why are stop 
codons just what they are?' is suggested. 
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1. Assumptions 
The mutational spectra of in vitro polymerisation [1-9] for 
DNA polymerases belonging to families found in at least two 
of the three living kingdoms [10] are considered here as rele-
vant with respect to a primordial polymerase; we will not take 
into account DNA polymerases ß, as they are family X DNA 
polymerases so far only found among eukaryotes [11], and 
HIV reverse transcriptases, which emerged very 'late' in evo-
lution [12]. 
As it is believed that RNA preceded DNA in evolution [13], 
data for RNA replicases would be more relevant but are not 
available; recent evidence shows, however, that DNA and 
RNA replicases are very closely related [14—16]: a single sub-
stitution of a hydroxyl group by a hydrogen atom in the 
Y639F mutant of T7 RNA polymerase allows a DNA repli-
case to function as a RNA replicase [17], and a single muta-
tion confers on Moloney murine leukaemia virus reverse tran-
scriptase the ability to replicate RNA [18]; we also note that 
Escherichia coli DNA polymerase I is an accurate RNA-de-
pendent DNA polymerase [19]. 
2. Polymerase errors 
Polymerase-induced mutations are mainly substitutions and 
frameshifts [1-7]. For the Klenow polymerase domain [1], 
which has no nuclease domain, as can be assumed for a pri-
mordial polymerase, the frameshift error rate is about half the 
substitution error rate: frameshift mutations therefore repre-
sent a significant proportion of the mutations in such systems. 
Frameshifts result mostly from deletions and additions of one 
base [1-5]. Crucially, these are highly deleterious by prevent-
ing translation in the correct reading frame of the codons 
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downstream of the mutation. Frameshifts occurring in directly 
repeated and palindromic sequences [8] will be addressed in 
the discussion. Here, we will focus on frameshifts in non-re-
iterated runs, where single-base deletions occur far more fre-
quently than single-base additions [1,2,4,7]. Additions will 
therefore be neglected in the following. For polymerases 
with and without nuclease domains, the data indicate no sig-
nificant differences in the consensus sequence for single-base 
deletions in non-reiterated runs. It has been defined as YR [1], 
TTR [9], YTG [6] and TR [8]. Using the current data [1-9] we 
here refine it as YTRV (V = C, A or G; Table 1). These single-
base deletions are found to occur generally opposite the pu-
rine R (Table 1). The precise mechanism by which these spe-
cific sequences alter polymerase fidelity is still unclear [2]. 
3. The two models 
Lessening the phenotypic effects of mutations was suggested 
to be the major constraint shaping the genetic code [20]. In-
deed, the genetic code has been found to reduce significantly 
the phenotypic effects of transitions: the amino acids that are 
encoded by two codons have either purines or pyrimidines as 
third codon bases but not a pyrimidine and a purine [20]. If 
transitions occur more frequently than transversions, as can 
be assumed for a primordial polymerase, then the genetic code 
may be seen as optimised for base substitution tolerance. 
Here, we consider the case of polymerase-induced frame-
shift mutations. The genetic code can be considered as tole-
rant towards polymerase-induced frameshifts that occur in 
directly repeated sequences and in palindromic sequences 
through simple replacement of codons by synonymous co-
dons. It remains to investigate frameshifts occurring in non-
reiterated runs. These are mostly single-base deletions occur-
ring in YTRV sequences. If the genetic code is optimised for 
frameshift tolerance, then it should be possible to code amino 
acid sequences without using a YTRV sequence, whatever the 
reading frame. 
If the base T is the first base of a codon and in case the 
previous codon has a pyrimidine as the third codon base, then 
the amino acid should be encoded without using the six co-
dons TRV; if the base T is the second base of a codon and in 
case the first base of the following codon is C, A or G, then 
the amino acid should be encoded without using the codons 
YTR; if the base T is the third base of a codon and in case 
the following amino acid has a RVN-type codon, then the 
amino acid should be encoded without using the eight codons 
NYT. In summary, TRV, YTR and NYT are potential dele-
tion site codons. Furthermore, their reverse-complementary 
sequences are also expected to yield deletions during replica-
tion. 
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Table 1 
Sequence contexts of single-base deletion sites in non-reiterated runs obtained in in vitro polymerisation assays for family A and B DNA po-
lymerases 
Polymerase Number of single-base deletions 
(TR)/number of single-base deletions* 
(number of deletions'3) 
Sequence contexts of the deletions occurring in TR 
sequences0 (number of deletion occurrences at the 
site) 
Exonuclease-deficient E. coli DNAP II [7] 0.48 (33) 
DNAP a from KB cells [5] 0.46 (26) 
DNAP a from calf thymus [5] 0.54 (13) 
DNAP a from chick embryo [5] 0.56 (16) 
Klenow fragment [9] 0.95 (102) 
Klenow fragment [6] 0.76 (193) 
Klenow fragment [8] d 
Klenow fragment [3] 0.85 (34) 
Exonuclease-deficient Klenow fragment [1] 0.90 (10) 
E. coli DNAP I [1] 0.71 (68) 
Polymerase domain of E. coli DNAP I [1] 0.59 (17) 
Thumb mutant of Klenow fragment [3] 0.75 (4) 
Exonuclease-deficient T7 DNAP [4] 0.72 (25) 
CTGG (4) 
GTGA (4) 
ATGT (2) 
CTGG (7) 
ATGA (2) 
GTGA (2) 
TTAA (1) 
CTGG (5) 
TTGG (42) 
TTGA (27) 
CTGC (13) 
CTGC (38) 
TTGG (34) 
TTGA (33) 
CTGG (16) 
TTTA (7) 
TTGA (5) 
CTGG (11) 
GTAA (7) 
TTAC (4) 
TTAA (2) 
TTGG (14) 
TTGA (9) 
CTGC (8) 
TTAA (4) 
CTGG (2) 
TTAA (1) 
CTGG (7) 
TTAC (4) 
TTAG (2) 
TTAC (2) 
TTGC (2) 
TTAC (1) 
TTAA (1) 
TTGC (1) 
CTGG (1) 
ATGA (2) 
TTAC (9) 
GTAA (2) 
CTGG (2) 
CTGA(ll) 
ATGA (4) 
GTAA (4) 
TTAA (3) 
TTAA (4) 
TTGC (4) 
TTAC (3) 
TTAG (1) 
TTGC (1) 
CTGG (4) 
TTAA (4) 
GTAA (4) 
GTAA (2) 
TTAG (1) 
TTGC (1) 
TTGC (2) 
ATAG (1) 
ATGT (1) 
ATGA (1) 
ATAG (1) 
ATGT (1) 
ATGT (1) 
ATGA (1) 
ATGT (2) 
GTGT (1) 
TTGT (1) 
TTAC (1) 
GTAT (1) 
GTGT (1) 
TTAC (1) 
TTCA (2) 
CTGG (3) 
TTAG (1) 
CTGG (1) 
TTAC (3) 
GTGG (1) 
ATGA (1) 
ATGA (1) 
GTAA (1) 
ATGA (1) 
"Number of single-base deletions in non-reiterated runs occurring opposite the purine in TR sequences divided by the number of single-base 
deletions in non-reiterated runs. 
bNumber of single-base deletions in non-reiterated runs studied. 
cIf the deletion occurred opposite a homopolymeric dinucleotide, the deletion site has not been defined. The tetranucleotide sequences given in this 
table assume that the deletion occurred opposite the 5' purine of the template homopolymeric dinucleotide [6,9]; this is consistent with TR having 
been defined as the consensus sequence for single-base deletion sites opposite the purine [8,9]. 
dThe quadruplets have been studied in the same sequence context. 
eIn the presence of thioredoxin. 
As shown in Fig. 1, the most deleterious codons are then 
TAA and TAG and their reverse-complementary sequences 
TTA and CTA that are both potential deletion site codons 
and reverse-complementary potential deletion site codons. De-
letions at codons encoding amino acids are likely to yield non-
functional proteins, as all downstream codons are not trans-
lated. However, deletions at chain termination codons result 
at most in the addition of peptides to the proteins' carboxy-
termini, thereby likely providing functional proteins (see 
Scheme 1). Therefore, by assigning the most deletion-prone 
sequences to chain termination signals and not to amino acids, 
the genetic code maximises its frameshift tolerance. 
Further, the fact that the codons TTA and CTA encode 
leucine, which has the highest, six-fold degeneracy, suggests 
that frameshift tolerance may be one of the constraints which 
imposed a high degeneracy on this amino acid. 
The codon TGA encodes a chain termination signal as well 
as the amino acid selenocysteine in eubacteria, archaebacteria 
and eukaryotes [21,22], except in specific lineages or species 
[23,24]. This is consistent with our analysis where TGA is 
found to be a potential deletion site codon but not a re-
verse-complementary potential deletion site codon. To sum-
marise, the avoidance within coding regions of the deletion-
prone YTRV sequences and their tolerance at the ends of 
coding regions provides a possible answer to the question 
'Why are stop codons just what they are?' (see Scheme 1). 
This explanation indicates that those single-base deletions 
were sufficiently deleterious within a gene that an emerging 
code assigning the corresponding codons to the gene's last 
codon had a selective advantage over other codes, which did 
not have chain termination codons or which assigned chain 
termination codons to other codons. On the other hand, it has 
long been known that base substitutions which yield stop 
codons are highly deleterious, as they yield truncated proteins 
[25,26]. Therefore, the codon assignment of chain termination 
signals may be considered as the balanced result between an 
optimisation for base substitution tolerance, which minimises 
the number of stop codons, and an optimisation for frame-
shift tolerance, which minimises the deleterious effects of sin-
gle-base deletions. 
Our reasoning so far assumed that the genetic code and 
polymerases have coevolved. 
Evidence for the coevolution of the genetic code and amino 
acid biosynthesis pathways was provided by Wong [27]. Also, 
Woese, on the basis of experimental data, strongly supported 
the view that a primitive translation apparatus and the genetic 
J.-L. Jestin, A. KempflFEBS Letters 419 (1997) 153-156 155 
TTT Phe TCT Ser 
TTC TCC 
TTA Leu TCA 
TTG TCG 
CTT Leu CCT Pro 
CTC CCC 
CTA CCA 
CTG CCG 
ATT He ACT Thr 
ATC ACC 
ATA ACA 
ATG Met ACG 
GTT Val GCT Ala 
GTC GCC 
GTA GCA 
GTG GCG 
TAT Tyr TGT Cys 
TAC TGC 
TAA CTS TGA CTS & Sec 
TAG TGG Trp 
CAT His CGT Arg 
CAC CGC 
CAA Gin CGA 
CAG CGG 
AAT Asn AGT Ser 
AAC AGC 
AAA Lys AGAArg 
AAG AGG 
GAT Asp GGT Gly 
GAC GGC 
GAA Glu GGA 
GAG GGG 
Fig. 1. A representation of the genetic code highlighting potential 
deletion site codons. The potential deletion site codons NYT, YTR 
and TRV (see text) are noted in bold and their reverse-complemen-
tary sequences are underlined. TAA and TAG as well as their re-
verse-complementary sequences TTA and CTA are both potential 
deletion site codons and reverse-complementary potential deletion 
site codons, i.e. hotspots for single-base deletions in non-reiterated 
runs. CTS: chain termination signal. 
code have coevolved [28,29]. More generally, the emergence of 
the genetic code may be seen as a key step in the evolution of 
self-reproductive systems by allowing a cooperation between 
nucleic acids and proteins; this cooperation is highlighted by 
RNA-directed protein synthesis and by polymerase-directed 
nucleic acid replication [30]. Furthermore, Epstein suggested 
that the genetic code evolved to reduce the effects of muta-
tions arising during replication [31]. The hypothesis that the 
genetic code may have coevolved with a primordial polymer-
ase before the genetic code was fixed does therefore appear as 
reasonable. 
However, the alternative model must also be considered, 
namely, that protein polymerases evolved after the fixation 
of the genetic code. In this case, the genetic code evolved in 
the presence of ribozymes as polymerases. The evolutionary 
pressure on protein polymerase fidelity would then be weaker 
at chain termination codons than at codons that encode omino 
acids - again because single-base deletions at stop codons are 
likely to yield fully functional proteins. This constitutes an 
alternative interpretation for our observation that chain ter-
mination codons are hotspots for single-base deletions. 
4. Discussion 
The model according to which the codon assignment of 
chain termination signals optimises frameshift mutat ion toler-
ance provides new support to the theory stating that the ge-
netic code has been selected so as to minimise the effects of 
errors [20,25,28,29,31]. 
This is consistent with the theory of the 'frozen accident', 
which states that " the code is universal because a t the present 
time any change would be lethal, or at least very strongly 
selected against" [32]. Although evidence for an incomplete 
fixation of the genetic code has been provided [33], the various 
known genetic codes present only minor differences and the 
general shape of the universal genetic code is not altered. To 
this extent, Crick's statement still remains an excellent hy-
pothesis. 
Further, according to Crick, "there is no reason to believe, 
however, that the present code is the best possible [...]. Instead, 
it may be frozen at a local minimum which it has reached by a 
rather random p a t h " [32]. "[This] theory seems plausible but 
as a theory it suffers from a major defect: it is too accommo-
dating. In a loose sort of way it can explain anything" [32]. 
Evidence for a primitive 'operational ' code from which the 
universal genetic code may derive has been provided [34,35]. 
Direct interactions between ribonucleic acids and amino acids 
A-Frameshift within a coding region. 
BYAR 
VRTY 
-3' 
-5' 
JJ-Frameshift at a chain termination codon. 
5' , „ . , , _ , i , 3 ' 
3'-
BYAR 
VRTY -5' 
BAR 
single-base deletion during replication or transcription 
—TTT [—rn r3' 5' 
translation 
BAR 
truncated protein 
unlikely to be functional 
full-length protein 
with peptide added at C-terminus 
likely to be functional 
Scheme 1. Most single-base deletions are less deleterious at chain termination codons than at codons encoding amino acids. The observation 
that chain termination codons are hotspots for single-base deletion (see Fig. 1) can then be interpreted in two ways. Assuming that polymerases 
coevolved with the genetic code, the codon assignment of chain termination signals is seen to minimise the deleterious effects of polymerase-in-
duced frameshift mutations. Alternatively, assuming that polymerases evolved after fixation of the genetic code, the observation indicates that 
the selection pressure on polymerase fidelity was weaker at chain termination codons than at codons encoding amino acids. The horizontal 
bars represent nucleic acid strands, the vertical ones chain termination codons, the zigzag patterns peptides. YTRV is the consensus sequence 
for single-base deletions in non-reiterated runs, the deletion occurring opposite the purine R (see text and Table 1); BYAR is its reverse-com-
plementary sequence. V = C,A,G and B = T,C,G. 
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are involved and may represent the basis for a 'stereochemical 
theory' . Wong's theory where it is convincingly argued that 
biosynthetically related amino acids have closely related co-
dons also sheds some light on the way the genetic code has 
been attained [27,36]. 
To conclude, within the model of the genetic code coevolv-
ing with the replication or translation machineries, we suggest 
here that theories of mutat ion effect minimisation based on 
experimental data provide a rationale for the way the genetic 
code has reached the minimum or a local minimum. However, 
within the alternative model of protein polymerase and ribo-
some evolving after the genetic code was fixed, the same ex-
perimental data on errors occurring during replication and 
translation have a different interpretation: leaving open the 
question of why the codon assignments are just what they are, 
the data then indicate a sequence-dependent modulat ion of 
the selection pressure on replication and translation fidelities 
due to the shape of the genetic code. 
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